Escherichia coli expresses two DNA repair methyltransferases (MTases) that repair the mutagenic 06-methylguanine (06MeG) and 04-methylthymine (04MeT) DNA lesions; one is the product of the inducible ada gene, and here we confirm that the other is the product of the constitutive ogt gene. We have generated various ogt disruption mutants. Double mutants (ada ogt) do not express any 06MeG/04MeT DNA MTases, indicating that Ada and Ogt are probably the only two 06MeG/04MeT DNA MTases in E. coli. ogt mutants were more sensitive to alkylation-induced mutation, and mutants arose linearly with dose, unlike ogt+ cells, which had a threshold dose below which no mutants accumulated; this ogt+-dependent threshold was seen in both ada' and ada strains. ogt mutants were also more sensitive to alkylation-induced killing (in an ada background), and overexpression of the Ogt MTase from a plasmid provided ada, but not ada&, cells with increased resistance to killing by alkylating agents. The induction of the adaptive response was normal in ogt mutants. We infer from these results that the Ogt MTase prevents mutagenesis by low levels of alkylating agents and that, in ada cells, the Ogt MTase also protects cells from killing by alkylating agents. We also found that ada ogt E. coli had a higher rate of spontaneous mutation than wild-type, ada, and ogt cells and that this increased mutation occurred in nondividing cells. We infer that there is an endogenous source of 06MeG or 04MeT DNA damage in E. coli that is prevalent in nondividing cells.
Escherichia coli expresses two DNA repair methyltransferases (MTases) that repair the mutagenic 06-methylguanine (06MeG) and 04-methylthymine (04MeT) DNA lesions; one is the product of the inducible ada gene, and here we confirm that the other is the product of the constitutive ogt gene. We have generated various ogt disruption mutants. Double mutants (ada ogt) do not express any 06MeG/04MeT DNA MTases, indicating that Ada and Ogt are probably the only two 06MeG/04MeT DNA MTases in E. coli. ogt mutants were more sensitive to alkylation-induced mutation, and mutants arose linearly with dose, unlike ogt+ cells, which had a threshold dose below which no mutants accumulated; this ogt+-dependent threshold was seen in both ada' and ada strains. ogt mutants were also more sensitive to alkylation-induced killing (in an ada background), and overexpression of the Ogt MTase from a plasmid provided ada, but not ada&, cells with increased resistance to killing by alkylating agents. The induction of the adaptive response was normal in ogt mutants. We infer from these results that the Ogt MTase prevents mutagenesis by low levels of alkylating agents and that, in ada cells, the Ogt MTase also protects cells from killing by alkylating agents. We also found that ada ogt E. coli had a higher rate of spontaneous mutation than wild-type, ada, and ogt cells and that this increased mutation occurred in nondividing cells. We infer that there is an endogenous source of 06MeG or 04MeT DNA damage in E. coli that is prevalent in nondividing cells.
06-Methylguanine (O6MeG) and 04-methylthymine (O4MeT) are mutagenic DNA lesions because they can base mispair during DNA replication (18, 31) . DNA methyltransferases (MTases) that repair O6MeG and O4MeT lesions irreversibly transfer methyl groups from the methylated base to specific cysteine residues in the MTase (27) . MTases that repair O6MeG have been found in many organisms, including bacteria (14, 25, 40) , yeasts (38) , insects (11) , fish (26) , and mammals (3) , suggesting that 06MeG DNA damage is commonly encountered. There are two known 06MeG/ 04MeT DNA repair MTases in Escherichia coli, the Ada MTase (21, 40, 50) and DNA MTase II (32, 44) . The 39-kDa Ada MTase is inducible by DNA alkylation damage (40) and repairs methylphosphotriester lesions in addition to 06MeG and 04MeT lesions (22) . Methyl groups from methylphosphotriester lesions are transferred to Cys-69 of the Ada MTase (43) , and methyl groups from 06MeG and 04MeT lesions are transferred to Cys-321 (8) . Upon methylation at Cys-69, Ada becomes a transcriptional activator of the genes of the adaptive response, which consist of the adaalkB operon, the alkA gene, and the aidB gene (17, 51, 55) . alkA encodes a DNA glycosylase which removes o2_ methylpyrimidines and 3-methylpurines (10, 13) , lethal lesions that block DNA replication and thus cause cell death. The functions of the alkB and aidB gene products remain unknown (17) . The induction of the adaptive response after exposure to alkylating agents protects E. coli from both the mutagenic and the lethal effects of alkylation damage (37) .
The 19-kDa DNA MTase II is constitutively expressed in E. coli and is thought to be the product of the ogt gene (30 
MATERIALS AND METHODS
E. coli strains. All strains used are listed in Table 1 . P1 transduction (23) was used for transfer of the ada-JO::TnlO (16) and ogt-J::Kanr alleles into various strains. All strains were grown in LB or in M9 salts supplemented with glucose and the required amino acids (23) .
Isolation and disruption of the ogt gene. To clone the ogt gene, we synthesized a 20-nucleotide oligomer (5'-GTAATC TTAGCATTATTGAT-3') that is present in the published sequence of ogt but not present in ada (30) . This oligonucleotide was 32P end labeled and used to probe an E. coli genomic DNA library in XSE6 (9) (American Type Culture Collection, Rockville, Md.) by standard techniques (20) . One positive X clone was isolated, and from this clone a 3.1-kb EcoRI DNA fragment carrying the ogt gene was subcloned into a modified pUC vector lacking a HindIII site to create pUCogt (Fig. 1A) . A gene for kanamycin resistance was isolated on a HindIll fragment (Pharmacia, Piscataway, N.J.) and inserted into a unique HindIII site in ogt to generate the ogt-J::Kanr allele (see Results). The 3.1-kb K-12, argE3 hisG4 leuB6 proA2 thr-J ara-14 galK2 lacYlImtl-l xyl-J thi-J rpsL31 supE44 tsx-33
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As AB1157 plus ogt-J::Kanr (ii) B-Galactosidase measurements. E. coli alkA4-lacZ fusion strains were exposed to 1 ,ug of MNNG per ml, samples were removed at the indicated times, and P-galactosidase was measured, correcting for cell optical density at 600 nm as described previously (23) .
Alkylation-induced mutation and cell killing. To measure mutation, log-phase his E. coli growing in LB were exposed to MNNG for 15 min. The cells were then concentrated 20-fold into M9 salts (23), diluted, and plated on either minimal plates or minimal plates lacking histidine to estimate the number of surviving cells and the number of his' revertants, respectively. Mutation frequencies are expressed as the number of induced his+ revertants per 108 surviving cells.
To measure cell killing, log-phase cells growing in LB were exposed to MNNG or methyl methanesulfonate (MMS) for the indicated times, after which samnples were removed, diluted in M9 salts, and spread on LB plates to estimate cell survival. Alternatively, relative sensitivities were estimated by using MNNG gradient plates. Gradient plates were prepared by pouring 30 ml of complete M9 agar containing 0 to 10 ,ug of MNNG per ml into a square petri dish at an angle of about 60 from the horizontal; after the agar wedge solidified, 30 ml of complete M9 agar was added to the horizontal dish, and the plate was used within 2 h of solidifying. Overnight cultures were spread across the gradient in M9 top agar, and the plates were incubated for 2 days at 37°C. Survival was estimated as percent growth across the gradient.
Spontaneous mutation. We used two types of mutation assay, one in which cells were grown on plates (the plate assay) and one in which cells were grown in liquid cultures and then transferred to plates (the liquid assay).
(i) Plate assay. Approximately 107 his E. coli were spread on minimal plates containing 10 ,uM histidine to allow limited growth of the his E. coli. Plates were incubated at 37°C, and his+ revertant colonies were scored every day after plating.
(ii) Liquid assay. Thirty 3-ml cultures, inoculated with approximately 105 his E. coli, were grown to 2 x 108 cells per ml at 37°C with aeration. In one case, 10 cultures were inoculated (see Table 2 ). Small aliquots were removed from at least three cultures, diluted, and plated on minimal plates containing histidine or on LB plates to estimate the final cell density. The cultures were then harvested by centrifugation, resuspended in 0.5 ml of M9 salts, and plated on minimal plates lacking histidine (to measure reversion to his+) or on LB plates with 100 jig of rifampin per ml (to measure forward mutation to Rif). The mean number of mutations per culture (m) was calculated from the median number (r) of 
RESULTS
Generation of an ogt disruption mutant. To study the in vivo role of DNA MTase II in E. coli, we generated a mutant strain deficient in this DNA repair protein. Since (Fig. 2B and C) , suggesting that ogt does indeed encode DNA MTase II. Thus, DNA MTase II will henceforth be referred to as the Ogt MTase. Since ada ogt E. coli cell extracts showed no DNA MTase activity (Fig. 2B ), Ogt appears to be the only constitutively expressed O6MeG DNA MTase in E. coli. The level of 39-kDa Ada is not dramatically different in ogt E. coli than in wild-type cells (Fig. 2C and A) , suggesting that the Ogt MTase may not influence the level of active Ada MTase.
Sensitivities of E. coli ogt cells to alkylating agents. As expected, both ogt and ada ogt E. coli strains were more sensitive to MNNG-induced mutation than were wild-type cells (Fig. 3) . ada ogt+ cells showed a threshold in their resistance to MNNG; at less than 0.3 ,ug of MNNG per ml no mutations were induced, but beyond this dose there was dramatic mutation induction (Fig. 3A) . In contrast, mutation induction in ada ogt E. coli was linear with dose, to even very low doses of MNNG (Fig. 3A) . Similarly, ada+ ogt+ cells exhibited a threshold in their resistance to MNNG; again, at less than 0.3 ,ug of MNNG per ml no mutations were induced, but beyond this dose some mutations were induced (Fig. 3B) ,ug of AB1157 (wild type); (B) 1 mg of GWR111 (Aada ogt); (C) 1 mg of GWR107 (ogt).
sensitive to mutagenesis than were ada+ ogt+ cells, and mutation induction was linear with increasing MNNG dose (Fig. 3B) . Similar results were observed after treatment of E. coli K strains with MNNG, monitoring reversion of a lacZ allele which can revert only by a G. C-to-A. T transition (7): ogt cells were more sensitive to mutation than were ogt+ cells in both ada and ada+ backgrounds (data not shown).
The increased sensitivity of ogt ada+ E. coli to mutagenesis by alkylating agents could be due to an altered induction of the adaptive response in these cells. We therefore measured the kinetics of induction of the adaptive response in two different ways: ada gene expression was monitored by Western blot analysis using Ada polyclonal antiserum, and alkA expression was monitored by the induction of 3-galactosidase activity in an alkA-lacZ fusion strain. The immunoreactive 39-kDa Ada MTase was induced in both wildtype (Fig. 4A, top panel) and ogt E. coli (Fig. 4A , bottom panel) within 20 min of MNNG addition (1 ,ug/ml) and continued to accumulate over time (the difference in band intensities between blots is due to slightly different colordeveloping conditions). Likewise, the kinetics of alkA induction were similar in MNNG-treated wild-type and ogt cells (Fig. 4B) ; as expected (55), alkA was not induced in ada E. coli (Fig. 4B) (10, 41, 54) . Thus, we did not expect ogt mutants to be much more susceptible than wild-type cells to killing by MNNG or MMS. Indeed, the ogt-J mutation did not sensitize ada+ E. coli to killing by MNNG (Fig. 5A) or MMS (Fig. 5B) . However, in an ada genetic background, the ogt-l mutation did sensitize cells to killing by both MNNG (Fig. 5C ) and MMS (Fig. 5D) . Thus, the Ogt MTase provides ada cells with protection against alkylation-induced cell killing.
It has been reported that O-alkyl repair by the Ada MTase does not provide E. coli with protection against alkylationinduced cell killing and that Ada provides killing resistance only via the induction of the AlkA 3-methyladenine DNA glycosylase (10, 17, 41, 54) . For example, overexpression of the Ada MTase in alkA E. coli does not confer resistance to alkylation-induced killing (10, 41, 54) . To confirm this result and to determine whether protection by the Ogt MTase also requires a functional alkA gene, we measured MNNGinduced killing in various alkA E. coli strains. Surprisingly, we found that ada alkA E. coli was more sensitive than ada+ alkA E. coli (Fig. 6A) , implying that the Ada MTase might provide killing resistance directly as well as through the induction of alkA. The sensitivity of ada alkA E. coli to MNNG-induced killing was not due to disruption of the alkB gene, since overexpression of AlkB from a plasmid did not restore resistance (data not shown). Expression of the Ada MTase or the Ogt MTase from plasmids did not provide ada+ alkA E. coli with greater resistance to killing (Fig. 6B) , consistent with the findings of the earlier studies (10, 41, 54) .
Only when Ada or Ogt was overexpressed in an ada genetic background was increased resistance to killing observed (Fig. 6C) . as S-adenosylmethionine and nitrosamines produce a continual flux of DNA alkylation damage in E. coli (1, 35, 52) . We therefore determined whether decreased O-alkyl repair in ogt mutants caused an increase in spontaneous mutation. E. coli B/r his cells were plated on minimal media containing 10 ,uM histidine and incubated at 37°C. Cells could divide until the histidine was depleted and thus produced a faint lawn of cells; his' revertants subsequently formed distinct colonies on the faint lawn of his E. coli. Wild-type, ada, and ogt strains produced about the same number of mutant colonies in this plate assay. In contrast, the MTase-deficient ada ogt strain produced over three times this number of mutant colonies (Fig. 7A) meastre spontaneous mutation to lacZ+ by a G -C-to-A -T transition (7); again, ada ogt double mutants accumulated significantly more mutants than did wild-type, ada, and ogt strains (10a). These data suggest that there is indeed an endogenous source of mutagenic DNA alkylation damage in E. coli and that this damage is normally repaired by either GWR162 (ogt)(pBR322) (0) and GWR163 (Aada ogt)(pBR322) ([1); (B) GWR162(pBR322) (0), GWR162 (pBRogt) (-), and GWR162(pDS400) (0) (some symbols overlap); (C) GWR163(pBR322) (O), GWR163(pBRogt) (D), and GWR163 (pDS400) (0). same spontaneous mutation rate at the his locus, but the rate was two-to threefold higher in ada ogt E. coli (Table 2 ).
The distribution of his' mutants in ada ogt cultures, in contrast to ada and wild-type cultures (Fig. 7B) , did not follow the distribution predicted if mutants only arose during cell growth (15) . The distribution of mutants in ada ogt E. coli indicated that mutants arose both before and after plating in the absence of histidine, and therefore, one should calculate spontaneous mutation rates for both dividing and nondividing cells. Using models that include the possibility that mutants could arise after plating (5), we estimate that ada ogt E. coli has the same rate of spontaneous mutation as wild-type E. coli during growth phase and that excess mutants arise only after the cells are plated. The conclusion that mutants arise in nondividing ada ogt cells is consistent with the results of the plate assay, which showed his' mutants continued to arise in ada ogt cells for several days after plating, presumably after the cells had ceased to divide (Fig. 7A) .
To Fig. 3A) , which are present at about 30 molecules per cell (24) . Assuming that the production of DNA lesions is linear with dose, we estimate that at lethal doses of MNNG each treated cell is accumulating hundreds of 06MeG/04MeT lesions. Cell death could result from 0-alkyl lesions leading to lethal mutations or from the inhibition of DNA replication when the 0-alkyl lesions occur in certain parts of the genome, for example, the replication origin (2) . In either case, as the cells incubate on the plate, the 0-alkyl lesion has the potential to be repaired to regenerate the original sequence in at least one DNA strand, after which at least one daughter could go on to survive. ogt+ ada cells are probably much more resistant to killing than are ogt ada cells because they continue to constitutively synthesize the Ogt DNA MTase long after treatment with alkylating agent, and this ongoing 0-alkyl repair could produce a survivor long after the initial alkylation treatment. In contrast, for protection against mutagenesis, repair of 0-alkyl lesions by MTase must occur before DNA replication, or the mutation will be fixed in one of the daughters. Thus, the mutational resistance of ogt+ cells must be provided by the 30 molecules of Ogt MTase present before alkylation of the genome plus any extra MTase molecules produced before the lesions are replicated.
Finally, the Ogt MTase protects cells from spontaneous mutations which presumably result from 06MeG and 04MeT produced by endogenous alkylating agents. There are several possible sources of DNA alkylation damage in E. coli. S-Adenosylmethionine, a methyl donor for the enzymatic methylation of DNA, RNA, and protein, can act as a weak alkylating agent under physiological conditions (1, 35) . Lipid peroxidation reactions can cause DNA alkylation damage through the generation of alkyl radicals (53) . Endogenous nitrosation of amines can generate reactive methylating agents in anaerobically growing (52) or stationary (6) E. coli. Whatever the source, the levels of 06MeG and 04MeT formed seem to be relatively low because ogt mutants, which express extremely low levels of active Ada MTase, display the same spontaneous mutation rate as wild-type cells. However, numerous Ada molecules could have been consumed in the repair of endogenous alkylation damage, and these would not be counted among the very few active Ada molecules.
Three lines of evidence suggest that the endogenous source of 06MeG and 04MeT becomes significant only in nondividing E. coli: (i) ada ogt cells continue to produce his+ revertants on minimal plates for several days after the plated bacteria cease to divide; (ii) the distribution of his+ mutants over a large number of independent ada ogt cultures has a significant Poisson component which would not be predicted if all of the mutants arose before plating (5); and (iii) ada ogt mutants do not have a higher rate of spontaneous mutation in two forward mutation assays that do not allow nonmutant nondividing cells to survive on selective media. Most spontaneous mutation is usually considered to be a consequence of rare errors in nucleotide insertion during DNA replication and thus to be dependent on cell growth. DNA 
